We undertook the study of the decay process of the cry1Aa mRNA of Bacillus thuringiensis expressed in B. subtilis. The cry1Aa transcript is a 3.7-kb mRNA expressed during sporulation whose transcriptional control has previously been studied in both B. subtilis and B. thuringiensis. We found that the cry1Aa mRNA has a half-life of around 9 min and that its decay occurs through endoribonucleolytic cleavages which result in three groups of high-molecular-weight mRNA intermediates ranging in size from 2.7 to 0.5 kb. A comparative study carried out with Escherichia coli showed a similar pattern of degradation intermediates. Primer extension analysis carried out on RNA from B. subtilis revealed that most cleavages occur within two regions located toward the 5 and 3 ends of the mRNA. The most prominent processing site observed for the cry1Aa mRNA isolated from B. subtilis is only two bases away from that occurring on RNA isolated from E. coli. Most cleavage sites occur at seemingly single-stranded RNA segments rich in A and U nucleotides, suggesting that a common and conserved mechanism may process the cry1Aa mRNA.
cry1Aa is a Bacillus thuringiensis gene which codes for an insecticidal crystal protein expressed during sporulation. It is a unique gene in that it is highly expressed throughout sporulation, resulting in a protein representing around 20% of the total cell weight (2) . The transcriptional control of cry1Aa has been studied to some extent, and the gene has been shown to be expressed during sporulation from two overlapping promoters, designated BtI and BtII (35) . Initiation of transcription from BtI or BtII requires the RNA polymerase holoenzyme containing either 35 or 28 , respectively (10, 11) . These sigma factors have been shown to be the functional equivalents of the B. subtilis E and K genes (1) . In fact, a similar transcriptional control for a cry1Aa gene in B. subtilis has been observed (12) . cry1Aa is also efficiently expressed in Escherichia coli, albeit from a fortuitous promoter, located between BtI and BtII (35) . cry1Aa encodes a 3.7-kb transcript that has a half-life of 10 min, as measured in B. thuringiensis (17, 35) , which is longer than the half-life of an average transcript in bacteria. An interesting feature of the cry1Aa mRNA is that a fragment at its 3Ј end, comprising the transcription terminator, has been shown to confer stability on heterologous mRNAs in B. subtilis (36) .
mRNA stability is an important means by which gene expression is controlled. Most of the work on RNA processing and decay for bacteria has been done with E. coli. In E. coli, several nucleases which participate in mRNA degradation have been characterized. Two endoribonucleases, RNase E, which plays a general, rate-determining role in mRNA degradation, and RNase III, known to participate in the decay of certain specific mRNAs, have been characterized. In addition, two exoribonucleases are known to be responsible for the processive degradation of RNA, RNase II and polynucleotide phosphorylase (PNPase). PNPase has been shown to be part of a complex which includes RNase E (13, 25) . Different pathways of decay have been observed for different mRNAs. A common mechanism of decay among bacterial mRNAs is thought to be endoribonucleolytic cleavage followed by processive exoribonucleolytic digestion (4) . Exoribonuclease digestion may start either from the 3Ј end of the transcript or from a 3Ј end generated by endoribonuclease cleavage within the transcript. Mechanisms to prevent exoribonuclease digestion are known to occur. Stem-loop structures and proteins binding to these structures may block exoribonuclease action (14) .
Less information is available on the mechanisms that operate during mRNA decay in gram-positive bacteria. Probably the most important difference known so far between B. subtilis and E. coli is the apparent lack of an RNase II-like exoribonuclease function in B. subtilis. The genes coding for RNase III and for PNPase in B. subtilis have previously been identified. PNPase turned out to be nonessential, at least at 37°C (33) , which was surprising as it had been assumed that this was the most important exoribonuclease. In B. subtilis, the decay process of the mRNA of a few genes which are expressed during vegetative or during stationary growth has been studied. Examples of these are ermC and ermA (7, 29) , an early RNA from bacteriophage SP82 (19) , sdh (21) , and more recently cry1IIA (3). In every case, the 5Ј region has been found to be the most important determinant of RNA stability. No studies have been done to analyze the decay process of the mRNA of genes expressed during sporulation.
In this work, we set out to examine the process of decay RNA transcripts of the cry1Aa gene. Analysis of cry1Aa mRNA turnover led us to determine that its decay does not initiate at the 5Ј end, in contrast to what had been observed for other B. subtilis mRNAs. In fact, like that of many mRNAs in E. coli, decay of cry1Aa mRNA seems to initiate with one or more initial endoribonucleolytic cleavages. Similar patterns of mRNA decay intermediates were observed in B. subtilis and E. coli, suggesting that a conserved mechanism may operate in the turnover of the cry1Aa mRNA.
ing an internal fragment from amyE; pCV5 is a derivative of pCV4 in which a complete cry1Aa gene was cloned after amplification by PCR from B. thuringiensis subsp. aizawai. The oligonucleotides used for amplification were UI-180 (bp 366 to 395; TAGATCTTTAACACCCTGGGTCAAAAATTG) and UI-182 (bp 4216 to 4245; AAGATCTCTGCTTGATTAAGTTGCTCTATA). The numbers indicate the position of the oligonucleotide on the sequence (accession no. M11250). The cloned gene was partially sequenced to verify its identity. The cry1Aa gene (holotype) has been sequenced, and the transcript ends have been mapped (31) . B. subtilis CV2 is strain PY79 with pCV5 integrated at amyE. pBluescript II KS (ϩ) (Stratagene) was used to generate a clone containing the complete cry1Aa gene (pKAIZ), a clone of a promoter fragment (pKSPROM), and a clone containing a 3Ј segment including the transcription terminator (pKSTER). These last two plasmids were used to obtain the fragments to generate probes A and C (Fig. 1) . pGO202 contains the B. subtilis spoIIE gene, and pCRCAT carries the cat gene.
Bacterial growth, induction of sporulation, and RNA extraction. B. subtilis strains were grown at 32°C in GM medium with aeration, and sporulation was induced (time zero) by addition of 1.8 mM decoyinine. For half-life experiments, initiation of transcription was inhibited by the addition of rifampin (0.1 mg/ml) 4 h after sporulation initiation (t 4 ). Samples were then withdrawn at different time intervals. For E. coli, cells were grown in LB until they reached a reading of 150 to 200 Klett units (Klett-Summerson colorimeter, red filter). For turnover experiments, rifampin (0.2 mg/ml) was added to cells growing exponentially. Samples were removed at the indicated times and placed into centrifuge bottles containing 1/3 volume of ice. Cells were harvested by centrifugation at 10,000 ϫ g for 10 min, and the pellets were frozen at Ϫ20°C until needed. Total cellular RNA was prepared by a modification of the procedure described by Moran (23) . Pellets were resuspended in 1 ml of sterile distilled H 2 O, and 2 ml of guanidine was added. This mixture was frozen and thawed three times consecutively and placed into a 13-by 100-mm polypropylene tube containing a suspension of 4 M guanidine and glass beads (diameter, 0.1 mm) to 1/3 volume. The tubes were agitated (four times for 30 s each) in a Braun homogenizer. The homogenate was placed in ultracentrifuge tubes containing 0.6 ml of 5.7 M cesium chloride, 0.1 M EDTA, and 0.025 M sodium acetate (NaOAc) and centrifuged at 55,000 rpm for 2 h in a TLS55 rotor (Beckman) (27) . The RNA pellet was resuspended in 0.5 of ml sterile distilled H 2 O and kept on ice for 30 min. Dissolved RNA was extracted twice with phenol and twice with chloroform and then precipitated overnight at Ϫ20°C after addition of 1/10 volume of 3 M NaOAc (pH 7) and 2 volumes of ethanol. The tubes containing RNA were centrifuged at 12,000 ϫ g for 10 min at 4°C. The RNA pellet obtained was dried and then dissolved in 50 l of TE (0. RNA from these gels was transferred overnight by capillarity to nylon membrane (Amersham), using a 20ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) solution. The membrane was dried at 37°C for 30 min and UV irradiated for 3 min on a transilluminator (300 nm; Fotodyne); RNA on the membrane was visualized by staining with methylene blue (0.4% in 0.5 M NaOAc [pH 5.2]). In this way, integrity of the RNA samples used was confirmed and molecular weight markers (Gibco BRL) were detected. Membranes were hybridized in a phosphate-bovine serum albumin solution (0.5 M sodium phosphate [pH 7.2], 1% SDS, 1 mM EDTA, 1% bovine serum albumin) for 3 h at 68°C. Prehybridization solution was replaced with fresh solution containing the denatured probe, and the membrane was incubated overnight at 68°C. The next day, the membrane was cooled to room temperature and washed once with 5ϫ SSPE (1ϫ SSPE is 0.18 M NaCl, 10 mM NaH 2 PO 4 , and 1 mM EDTA [pH 7.7])-0.2% SDS and once with 2ϫ SSPE-SDS at room temperature; it was then washed once more at 68°C with 0.5ϫ SSPE-0.2% SDS and finally rinsed with the same solution at room temperature. The hybridized membrane was placed in a plastic bag and exposed to Cronex X-ray film (Dupont). Rehybridization of membranes with a different probe was done after washing with 2.5ϫ SSPE-50% formamide and incubation for 20 min at 65°C, followed by a 1-min incubation at 45°C in 0.1 M NaOH-0.2% SDS and incubation in 0.2 M Tris (pH 7.5)-0.1ϫ SSPE-0.2% SDS (modified from reference 5). Probes were prepared from agarose-purified DNA fragments which were labeled with [␣-32 P]ATP by using a random priming kit from Boehringer.
Primer extension analysis. Oligonucleotides were end labeled with [␥-32 P] ATP by using T4 polynucleotide kinase as described previously (28) . Five hundred nanograms of labeled oligonucleotide and 25 g of total RNA were mixed and precipitated with 1/10 volume of 3 M NaOAc and 2.5 volumes of ethanol by incubation for 10 min at Ϫ70°C. Samples were centrifuged at room temperature for 5 min at 12,000 ϫ g in a Labline microcentrifuge. Then 20 l of 5ϫ hybridization buffer [2 M NaCl, 50 mM piperazine-N,NЈ-bis(2-ethanesulfonic acid (PIPES; pH 6.4), 5 mM EDTA] and 80 l of formamide were added to the pellet, and the mixture was incubated for 15 min at 80°C and then overnight at 42°C. The hybridization reactions were precipitated again and resuspended in 26 l of diethylpyrocarbonate-treated H 2 O. The primer extension reactions were carried out at 42°C for 1.5 h in the presence of 250 M deoxynucleoside triphosphates, 125 g of actinomycin D per ml, 80 U of RNasin, and 200 U of SuperScript RNase H Ϫ reverse transcriptase (3Ј RACE system; Gibco-BRL). Then 2 U of DNase-free pancreatic RNase (Boehringer Mannheim) was added, and samples were incubated at 37°C for 1.5 h.
The samples were phenol extracted, precipitated, and resuspended in loading buffer. They were run on a 20% polyacrylamide-urea sequencing gel alongside the Sanger sequencing reactions performed with the same oligonucleotide on double-stranded plasmid pCV5 DNA. Runs of 2.5 h were carried out, and reaction mixtures in which extension products were detected were electrophoresed again for 4.5 h.
The following oligonucleotides were used in the reactions: 1 (bp 535 to 552; 
RESULTS
Expression and half-life of the cry1Aa mRNA in B. subtilis. Previous work established that the cry1Aa gene is controlled similarly in both B. subtilis and B. thuringiensis (reviewed in reference 2). Since B. subtilis is a well-developed system for molecular genetic analysis, we decided to analyze the expression of cry1Aa in this species. Plasmid pCV5, carrying a complete cry1Aa gene, was transformed into a prototrophic B. subtilis strain, PY79, where it was integrated at the amyE locus. Figure 1 depicts some relevant features of the cry1Aa gene and of the probes used in this work. To examine the expression of the cry1Aa gene in this strain, we analyzed protein and RNA extracted from cells at various stages of sporulation. Strain CV2, a transformant carrying a single copy of pCV5, was grown in synthetic medium, and sporulation was induced by addition of decoyinine to exponentially growing cells (decoyinine is known to trigger sporulation in such conditions). Total RNA and total protein were isolated at different times after the addition of decoyinine. RNA was separated in a 1.2% formaldehyde-agarose gel prior to transfer to a nylon membrane and hybridized to a cry1Aa probe ( Fig. 2A ). Proteins were resolved in an SDS-polyacrylamide gel and then transferred to a nitrocellulose membrane. The Cry1Aa protein was detected by using polyclonal antibodies (Fig. 2B) . As expected, neither the cry1Aa mRNA nor its gene product is detected until the second hour of sporulation. The uppermost band on the Northern blot corresponds to the expected size of the cry1Aa mRNA and is thus considered to represent the full- length 3.7-kb mRNA; the bands with lower molecular weights appear to be products of mRNA processing (see below). Since a substantial amount of specific mRNA and protein was observed from t 4 of sporulation, this time point was chosen to carry out further analysis of cry1Aa mRNA decay.
As a first step in the analysis of cry1Aa mRNA turnover, we determined its half-life in B. subtilis. The half-life of the cry1Aa mRNA was previously determined in B. thuringiensis. To estimate the turnover rate of the cry1Aa mRNA, transcription initiation was stopped by the addition of rifampin 4 h after a CV2 strain culture was induced to sporulate. Total cellular RNA was then isolated at time intervals and analyzed as described in Materials and Methods. The result of this experiment is shown in Fig. 3 . The estimated chemical half-life of the full-length cry1Aa mRNA is 9 min. This value is similar to the half-life of 10 min for cry1Aa mRNA determined in B. thuringiensis, indicating that related mechanisms may determine the stability of this mRNA in the two species. As a control, the half-life of the spoIIE mRNA, a developmentally regulated gene expressed at approximately the same time as cry1Aa, was found to be less than 2 min (data not shown), which is the average half-life of a bacterial transcript.
Analysis of the decay of cry1Aa mRNA in B. subtilis. From the experiments done to determine the half-life of the cry1Aa mRNA, it was observed that a highly reproducible pattern of degradation products was generated during the decay of this transcript ( Fig. 1 and 2) . To investigate the nature of and a possible directionality in the process of cry1Aa mRNA decay, we sought to use probes that spanned the 5Ј and 3Ј ends and the middle region of the transcript (Fig. 1) . RNA samples extracted from CV2 at intervals after addition of rifampin were processed for Northern analysis and hybridized to probes A, BЈ, and C, corresponding to the 5Ј end, an internal region, and the 3Ј end of the transcript, respectively (Fig. 1) . The results are shown in Fig. 4 . For all probes used, we observed three main clusters of mRNA products with sizes of around 3.6, 2.4, and 1.6 kb, designated I, II, and III, respectively. Probes A and C exhibit additionally similar patterns of degradation intermediates which appear as a smear starting from the 1.6-kb band and which are not detected with probe BЈ.
The fact that probes from the 3Ј and 5Ј ends hybridize to similar high-molecular-weight bands suggests that the degradation intermediates detected as clusters II and III are groups of unresolved mRNA species and that their resolution is limited due to their high molecular weight. Analysis of the stability of band I with probes A, BЈ, and C reveals that this band exhibits very similar decay rates with all probes, as expected of a full-size mRNA (Fig. 4D) . This decay pattern suggests that there is no unique 5Ј-to-3Ј or 3Ј-to-5Ј processing mechanism for the decay of the cry1Aa mRNA. If that were the case, we would have detected most of the bands with only one of the terminal end probes while failing to detect them when using a fragment from the opposite end as a probe. This degradation pattern suggests that an endoribonucleolytic processing event is involved in the degradation of the cry1Aa mRNA. Such endoribonucleolytic processing could occur close to the 5Ј and 3Ј ends, generating similar-size fragments.
Analysis of the decay of the cry1Aa mRNA in E. coli. We took advantage of the fact that the cry1Aa gene is expressed in E. coli from a cryptic promoter to analyze the decay of its transcript in this bacterium. We reasoned that comparing the decay patterns of the cry1Aa mRNA in B. subtilis and E. coli could reveal some common features that would aid our understanding of the mechanisms acting on the processing of this mRNA. A Northern blot of RNA isolated from E. coli DH5␣ (pCV5) to detect the cry1Aa mRNA was therefore carried out.
FIG. 2. Northern hybridization and
Western blot analysis of cry1Aa expression in B. subtilis. B. subtilis CV2 was grown in GM medium, and samples were withdrawn at the time of addition of decoyinine (t 0 ) for sporulation induction and at different time intervals (t 2 , t 3 , t 4 , and t 5 ) during sporulation. The samples were then processed as described in Materials and Methods for the isolation of RNA or for protein analysis. (A) Northern blot analysis of cry1Aa after separation of total RNA in a 1.2% agarose-2.4 M formaldehyde gel, transfer to a nylon membrane, and hybridization to radioactively labeled probe B (Fig. 1) . The positions and sizes of the RNA molecular weight markers are indicated with arrows. (B) Western blot analysis using polyclonal antibodies against Cry1Aa. The sizes of the protein molecular weight markers are shown at the left, and the size of the full-length Cry1Aa protein is indicated at the right. subtilis. The abundance of RNA in clusters II and III is higher that for the corresponding clusters in B. subtilis. Again, as was the case for the RNA isolated from B. subtilis, probe BЈ does not detect bands below 1.5 kb. The decay rates obtained for the uppermost band (species I) are similar with all three probes (Fig. 5D) . From these data, we calculated the half-life of the 3.7-kb cry1Aa mRNA in E. coli to be approximately 5.5 min. These results suggest that decay of cry1Aa mRNA in both B. subtilis and E. coli initially occurs by cleavage at a small number of specific internal sites which would be determinants of mRNA stability.
Localization of potential cleavage sites in the cry1Aa mRNA. Our results indicated that an important degradation pathway operating on the cry1Aa mRNA might involve a series of endoribonucleolytic cleavages. Since the results suggested similarities between B. subtilis and E. coli in the processing mechanism, we decided to map the 5Ј ends of some decay intermediates. Primer extensions were therefore carried out to map the positions and analyze the sequences of potential cleavage sites occurring in the cry1Aa mRNA. Unlabeled RNA was prepared either from B. subtilis CV2 cells or from E. coli DH5␣ carrying pCV5. These RNAs were annealed to the ␥-32 P-labeled primers in the presence of formamide, and the primer was extended with reverse transcriptase at 42°C. The products of these reactions were then analyzed on a urea-polyacrylamide gel next to a sequencing ladder generated for each sample with the same oligonucleotide as used for the extension reaction (Fig. 6) . Fourteen oligonucleotides were generated to span the entire cry1Aa mRNA and used on RNA isolated from B. subtilis. For all but one, we observed processing products. These products were classified as very strong, strong, or weak on the basis of the intensity of the band in the autoradiogram. Control reactions containing no reverse transcriptase or in vitro-synthesized cry1Aa mRNA were prepared. No spontaneous pausing or termination products of the reverse transcriptase were observed when this latter mRNA was used as a template in the reactions.
Initially, the mapped 5Ј ends were analyzed assuming that they represented cleavage sites. A summary of the cleavage sites mapped is presented in Table 1 . A total of 66 cleavage sites were defined, of which 15 were considered strong sites and only one (at position 606) was considered very strong. The number of cleavage sites detected as well as the intensity of the band generated varied with the different oligonucleotides. The distribution of cleavage sites in the transcript is shown in Fig. 7 . Up to 21 bands were detected with oligonucleotide 11, and none were detected with oligonucleotide 7. In general, the central region of the cry1Aa mRNA exhibited the least and weakest cleavages. Two regions located toward the 5Ј and the 3Ј ends exhibited the highest coincidence of cleavage sites; these are designated CR1 and CR2 (Fig. 7) ; the single cleavage considered very strong lies within CR1.
Since in B. subtilis we had mapped a number of 5Ј ends of degradation products occurring mostly at two regions, we decided to determine whether similar products could be detected in the cry1Aa mRNA isolated from E. coli. Mapping of 5Ј ends on the cry1Aa mRNA isolated from E. coli DH5␣(pCV5) was carried out with four oligonucleotides. Oligonucleotides 3, 4, and 11 had been used to reveal most of the 5Ј ends in CR1 and CR2. Some of these results are shown in Fig. 6 . A total of 32 sites were mapped, of which 2 were considered very strong and 7 were considered strong (Table 1) . Interestingly, both very strong sites were mapped with oligonucleotide 3 at positions 604 and around 358, the former site being just two bases away from the single very strong site mapped on the mRNA isolated from B. subtilis (position 606). With this oligonucleotide, two weak sites were also found at identical positions in B. subtilis and E. coli (positions 342 and 422). Strong sites mapped with oligonucleotide 11 (positions 3177 and 2955) are located three and six bases from sites mapped in the mRNA isolated from B. subtilis (positions 3180 and 2949). We also observed that most of the mapped sites occurred not as isolated events but clustered. That is, within 30 bases of a strong cleavage site usually at least one or two more cleavage sites could be detected. Sites mapped at positions 3180 and 2949 (with oligonucleotide 11) and 1475 (with oligonucleotide 6) had four, six, and nine associated cleavage sites, respectively. For instance, in the sequence from positions 2947 to 2974, six cleavage sites were mapped on the RNA isolated from B. subtilis and one was mapped on that isolated from E. coli.
We next analyzed the sequence where these putative cleavage sites occurred for features that could give us clues as to how they were generated. No consensus cleavage sequence could be deduced, and the only common feature among several sites was the predominance of A and U nucleotides (Table 1) , which was suggestive of cleavage sites associated with RNase E activity. RNase E is the only endonuclease known to be involved in general mRNA turnover in E. coli and to cleave within single-stranded RNA segments rich in A and/or U nu- cleotides (15) . We analyzed the regions where cleavages occur for potential RNA secondary structure. Most cleavage sites seem to be localized at regions where no short-range base pairing is predicted to take place and which would remain potentially single stranded. A few sites do occur within predicted stem structures, although these have a low calculated thermal stability (predicted ⌬G of no less than Ϫ10 kcal/mol). Thus, most of the mapped cleavage sites may be adequate substrates for RNase E.
DISCUSSION
In this work, we have studied the decay of the cry1Aa mRNA in B. subtilis. Our data revealed that neither the 5Ј nor 3Ј end of this transcript is the initial target of degradation and that the main pathway of decay for this mRNA involves endoribonucleolytic processing. A similar conclusion was reached when we analyzed the cry1Aa mRNA expressed in E. coli, suggesting that conserved mechanisms of degradation operate in the processing of this transcript in both bacteria.
Most of the work on mRNA turnover in bacteria has been done with E. coli, and little is known about degradation in B. subtilis. Studies of the degradation of some mRNAs expressed during the vegetative or stationary phase in B. subtilis indicated that the 5Ј regions of several genes play important roles in determining the half-lives of their respective mRNAs (3, 6, 8, 21, 30) . These results led to the conclusion that in B. subtilis, initiation of decay from the 5Ј end was the main pathway of degradation for mRNAs. It was therefore somewhat puzzling that when the 3Ј-terminal fragment of cry1Aa containing the transcription terminator was cloned downstream of two heterologous genes, expressed during vegetative growth, the halflife of their mRNAs increased (36) . This is the strongest evidence that processing in a 3Ј-to-5Ј direction is also important in B. subtilis.
The half-life of the cry1Aa mRNA was determined to be approximately 9 min, similar to the half-life reported for this transcript in B. thuringiensis. The half-life of a sporulation gene expressed at about the same time was approximately 2 min. Northern blot analysis revealed a similar pattern of mRNA products when a probe from either the 5Ј or the 3Ј end was used. These products included the full-size transcript, decay intermediates of around 2.4 and 1.5 kb (clusters II and III), and a less defined group of mRNA species of less than 1.5 kb. We think that species in clusters II and III containing either the 5Ј or the 3Ј end are generated by endoribonucleolytic cleavage. However, we cannot rule out the possibility that rapid but limited exo-and endonucleolytic decay from the ends generates the shortened RNAs. Further support for our model of endoribonucleolytic cleavage of cry1Aa comes from the analysis of a plasmid construction with a deletion of the terminator. Although in a B. subtilis strain carrying such plasmid a transcript 700 bases longer is observed, the size of the degradation intermediates does not change; clusters II and III are again detected with probes B and C (data not shown). This result suggests that the observed decay products are generated through internal cleavage.
From the analysis of the decay of the cry1Aa mRNA, it seems that neither end is the initial target for degradation of the cry1Aa mRNA and that therefore both ends may be effective at providing stability to the transcript. Neither 5Ј-to-3Ј nor 3Ј-to-5Ј processing seems to be dominant in the degradation of FIG. 7 . Model for the processing of the cry1Aa mRNA. A frequency histogram indicating the number of cleavage sites mapped within each of the indicated 0.5-kb regions is shown. The arrow represents the full-length cry1Aa mRNA. Endoribonucleolytic cleavage of the cry1Aa mRNA appears to occur at a 10-fold-higher frequency at CR1 and CR2 than in the central part of the mRNA. Cleavage (and possibly further processing, as depicted by the dashed lines) at these sites would result in mRNA decay intermediates of around 2.4 kb (species in cluster II) and 1.5 kb (species in cluster III). These similar-size intermediates can be detected with probes A, BЈ, and C (Fig. 1) . Mapped position c the cry1Aa transcript, since on one hand, high-molecularweight decay intermediates lacking either the 3Ј or the 5Ј end exhibit some resistance to degradation, and on the other, lowmolecular-weight mRNA decay intermediates (less than 1.5 kb) are detected with similar intensities with probes A and C. A model for the endoribonucleolytic processing of the cry1Aa mRNA is shown in Fig. 7 . According to this model, both the 5Ј and 3Ј ends would serve as efficient barriers against degradation. Therefore, decay would be initiated by endoribonucleolytic cleavages followed possibly by a combined exo-and endoribonucleolytic processing. From a graphic representation of the distribution of the cleavage sites mapped by primer extension, it is apparent that most sites are clustered in two regions of the cry1Aa mRNA, CR1 and CR2. We propose that most of the observed mRNA decay products are generated from endoribonucleolytic cleavage at CR1 and CR2. This model for the processing of the cry1Aa mRNA fits our observations of the sizes of the processing intermediates and the distribution of the cleavage sites. For instance, cleavage in either region would result in high-molecular-weight intermediates (bands I and II) which might be next processed at the other region to generate smaller species (bands in cluster III) or degraded to the end. Species in cluster III could also be generated in a single step. Since the only visible intermediates are those of high molecular weight and no smaller fragments (at least none of the same intensity) are observed, we suppose that these small fragments are rapidly degraded.
What is the nature of the enzyme involved in generating the endoribonucleolytic cleavages on the cry1Aa mRNA? It is possible that not all sites mapped as cleavage sites for the cry1Aa mRNA represent the actual primary cleavage sites; however, since no processive 5Ј-to-3Ј exoribonucleolytic activity has been found in bacteria, the 5Ј ends mapped are assumed to be generated endoribonucleolytically. A common feature of the different cleavage sites mapped is their high AU nucleotide content. The cry1Aa mRNA has a 61% AU content, but 65% of all cleavage sites mapped have an AU content above this average. Examination of the regions where cleavage sites were mapped revealed that most of them occur at regions where short-range interactions did not form stable secondary structures such as stem-loops. These features are suggestive of an RNase E-like activity. This is the only endoribonuclease known to have a general role in the degradation of mRNA in E. coli, and it has been shown to work in coordination with PNPase in the degradation of some mRNAs (9) . In fact, both enzymes are part of a complex (22, 26) . It is possible then that both in B. subtilis and in E. coli, some cleavages are the result of an RNase E-like activity, for in both bacteria the process of decay is endoribonucleolytic, and some of the cleavage sites occur at the same position or, as is the case of the strongest processing sites, only two bases apart.
An RNase E-like enzyme is expected to be found in B. subtilis. In fact, Condon et al. (16) showed recently that processing of the B. subtilis thrS leader region is dependent on the E. coli RNase E. RNase E activity is thought to be very conserved (15) . For instance, it has been shown to occur in human cell extracts (31, 33) and has been suggested to be involved in the cleavage of the puf mRNA in Rhodobacter capsulatus. We can expect to learn more soon about the RNases in B. subtilis, given the advances in the genome sequencing project, and to be able to experimentally test these hypotheses on RNA processing.
